! ! Surface modifications of Cu are initiated with single laser pulse (1030 nm, 6.7 ps) at fluence close to modification threshold; ! ! Amplified energy absorption is observed on surface topography features; ! ! Objects like spikes with spherical endings, extracted spheres and thin membranes are products of surface micro-eruptions; ! ! SEM, TEM and EBSD techniques are used to investigate the surface modifications; ! ! Amorphous phase is not present on the surface, however, sub-surface voids and twins are apparent.
Introduction
In the last decade considerable attention has been paid to the use of ultra-short laser pulses for surface modification of various metals [1] [2] [3] , semiconductors [3] [4] [5] and dielectrics [3, 6, 7] or volume modification in transparent dielectrics [8, 9] . Due to a low diffusion of the absorbed energy at moderate fluence the technique offers a lateral structuring accuracy in the micrometer range [10] , with very limited thermal effects to the substrate [11] . The impact of these thermal effects may seem irrelevant for a single-pulse exposure, but it has become a lively field of research for multi-pulse irradiations. That is, the research originates from high intensity laser light damage of optical components [12] .
It has been found that the modification threshold of the materials shows power law drop with increasing number of pulses [13] . This so-called "incubation" involves changes of the material affecting absorption of laser light of the subsequent pulses way ahead of apparent modification of the surface. However, the phenomenon has not yet been explained satisfactorily, although several suggestions have been made in literature, for
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A c c e p t e d M a n u s c r i p t 3 instance thermo-plastic deformation in semiconductors [14] and metals [13] . This field of research provides crucial knowledge to avoid damage of optical devices in industrial laser systems, which are exposed to a considerable number of pulses. This knowledge may also contribute to the understanding of the formation of (sub)wavelength laser induced periodic surface structures (LIPSSs), where initiation and growth of the structures may be influenced by incubation as well [15] .
The so-called "zero damage area" or "D 2 " method [16] is the commonly accepted method to determine the modification threshold of ultra-short laser pulse irradiation which depends on pulse duration, number of pulses, laser light wavelength, surface finish, and ambient atmosphere. A proper choice of pulse energy, also including the fluence close to the modification threshold, allows an inspection of the first stages of the surface modifications due to laser irradiation, e.g. enhancement of absorption on even nanometer sized surface inhomogeneities. After the laser pulse impingement on these inhomogeneities, one can observe drastic local changes of the surface roughness, due to melting and eruptive expansion of the irradiated matter. All created structures (like spikes, bubbles, sub-micron spheres etc.) may promote laser light absorption of subsequent pulses. These structures may also significantly contribute to the so-called incubation effect. Copper (Cu) was chosen for these experiments, due to its weak electron-phonon coupling and strong electron thermal conductivity, which will show more evident traces of melting in comparison to transition metals, with strong electronphonon coupling and weak electron thermal conductivity [17] . Until now the creation of the surface structures can be explained only to a certain qualitative extent, because computation modeling for process parameters used in our experiments is not available.
M a n u s c r i p t Backscattered Diffraction (EBSD) was used to study influence of the solidification on crystallography of the surface objects.
The principal aim of the work is to precisely characterize how an ultra-short laser pulse modifies surfaces. The motivation for this research is to show possible surface changes occurring prior to extensive ablation, as well as to fill the lack of data in literature, where mostly only SEM surface inspection is used. Finally, our results may also be used for a comparison with modeling results [11, 18] .
Experimental setup
Polycrystalline copper samples (purity 99.995%), with average crystal grains size of 50 μm, were processed in single pulse experiments. As a laser source, an Ytterbiumdoped YAG (Trumpf TruMicro 5050) was used with laser pulses of 6.7 ps duration and a wavelength of 1030 nm. The linearly polarized laser beam was focused by a 100 mm telecentric f-theta lens (Ronar of Linos, Germany) at normal incidence to the samples surface. The laser beam possesses a Gaussian energy distribution with a 1/e 2 radius of 13.4 ± 2.2 μm. The average power at the sample surface was measured by a power meter and controlled with combination of a rotary λ/2 wave plate and a beam splitting cube.
The range of the pulse energies used for the experiments, at 50 kHz pulse repetition rate, was 2.6 to 92 μJ. The laser spot was scanned over the sample surface by mirrors of a M a n u s c r i p t 
Results
In order to determine the minimum threshold fluence level at which modification of the surface occurs as well as to determine laser beam 1/e 2 radius, the well-known D 2 method was employed [16] . In this experiment the pulse energy was varied from 15 to 92 μJ and area of the modified surface (D 2 =4A/π) was measured by CM after laser irradiation. A fit to semi-log representation of the experimental data yielded a 1/e 2 beam radius of 13.4 ± 2.2 μm and a threshold fluence of 2.11 J/cm 2 ( Fig. 1) . The relatively high A c c e p t e d M a n u s c r i p t 7
Fig. 2
Next, the effect of absorbed laser energy in the copper target and subsequent relaxation of the energy was investigated in detail by cross-sectioning and TEM observations of the irradiated surface (Fig. 3) . To obtain a TEM cross-section specimen on a specific location of interest with lateral accuracy of few tens of nanometers, dualbeam FIB system has been applied. The A c c e p t e d M a n u s c r i p t 8 were found. These modifications can be observed as a contrast change at Cu/EBID-Pt interface indicated by arrows in Fig. 3 SEM-BSE (also apparent in Fig. 6 ). This is a result of bombardment and implantation of Ga ions (used in FIB) in this layer of different crystal orientation and density in comparison to the unexposed bulk below.
Fig. 3
Next, microscopy inspection of the surface objects was performed in order to investigate the probability of the presence of amorphous material, as well as to study the solidification process of the objects. High resolution TEM micrograph (Fig 4(b) ) shows the detail of part of grain indicated by the white frame and arrow in Fig. 4(a) . An angle of 24.4° was measured between the (111) planes of the spike ending and the bulk substrate below, as indicated in Fig. 4(b) .
The direction of the (111) Cu matrix is depicted. The head of the spike is bent with respect to the axis of body of the spike. This angle is about 60º clockwise in the picture plane, however the crystal (111) plane is 24.4º inclined. EBSD measurements (see the pole M a n u s c r i p t 9 figure in Fig. 7 ) showed strong and random scatter of crystal orientations in the head of the spikes. In this case the spikes are taller than those in Figs. 2, 3 and 4, due to irradiation conditions slightly over the one-pulse modification threshold fluence.
Fig. 5
The main part of the larger spheres is crystalline, as is suggested by the dotted lines along crystal boundaries and contrast differences in TEM micrograph of Laser-induced sub-surface structures were observed in cross-section, both by SEM (Fig. 3 , SEM-BSE) and by TEM (Fig. 6 ) imaging including structures like isolated defects, defects in proximity of surface micro-eruptions and continuous sub-surface material twinning. carbonaceous matrix (EBID-Pt), which implies that this location was exposed to the surface prior to the EBID-Pt deposition. The presence of the surface material twinning is clear from the inset of Fig.6 (a) ). Alternation of the twins occurs with a periodicity of few atomic planes. This part of the surface was also inspected at a lower magnification by electron diffraction (Fig. 6(b) inset) . Dark field imaging was helpful to separate two crystal orientations (Fig. 6(b) left and right), observable in the electron diffraction pattern. The separated crystal orientations reveal that the sub-surface twinning is present to a depth of 50 to 60 nm.
Discussion
Theoretical explanations of ultra-short laser pulses interaction with metal surfaces has been attempted since the 1970`s [21] . The laser-material interaction is usually described as an one-dimensional version of two coupled nonlinear differential equations, which track the temporal temperature evolution of the free electron gas and phonons of the Recently, the predictive power of the TTM model has been strengthened by incorporation of molecular dynamics MD [18] . It allows substitution of TTM equation for temperature of the phonons by MD in a surface layer, where the most significant processes are expected to occur, near or at higher temperatures than the material melting point.
Published results on various materials [11, 18, 22] obtained by this advanced TTM-MD model provide insights in the phenomena involved in the relaxation of the absorbed laser pulse energy. However, the origin of micro-eruptions on the Cu target surface found in our experiments can be explained only to a certain qualitative extent due to two reasons.
First, there is a lack of computational modeling in literature for our processing conditions M a n u s c r i p t 12 and 6.7 ps in our experiments) should not markedly influence the physics of the laser energy relaxation, because the time interval for relaxation of the laser-induced thermoelastic stresses in Cu is more than 2 times larger (19 ps [18] ) than the pulse duration. In a qualitative way, the surface imperfections can be understood as local absorption amplifiers, i.e. they just result in local increase of the surface temperatures.
Theoretical simulations of laser-matter interaction [11, 18, 22, 23] suggest three characteristic regimes of energy relaxation with increasing laser pulse fluence. That is, melting, photo-mechanical spallation and phase explosion. Only spallation and phase explosion are processes responsible for extensive material transport and material removal from the irradiated surface. Spallation ejects molten material from the surface due to laser induced tensile stresses [11] . The ablation behavior changes abruptly when the irradiated matter reaches temperatures close to the critical point in phase diagram which, turns it into a mixture of liquid droplets and gas atoms. The simulation presented in [11] shows that the difference between spallation and phase explosion thresholds is very small.
Comparison of the theoretical models with the local explosions observed in our SEM micrographs ( Fig. 2) indicates a mixture of both phenomena. Predominance of one of them may strongly depend on shape and size of the surface defects (i.e. absorption enhancement), as well as on the nominal fluence. The absorbed laser fluence and intensity consequently determine molten material properties (viscosity, density and surface tension are temperature dependent [24] ) and expansion speed of the microeruptions. Taking into account typical expansion speeds of the irradiated matter in spallation regime to be at 50-400 m/s [11, 18] and the diameter of the micro-eruptions in our experiments around 750 nm ( Fig. 2(b) ) leads to an expansion time (i.e. solidification) as can be seen in Fig. 2(b) and [24] . Viscous and capillary forces in the thin membranes M a n u s c r i p t 14 cause its continuous contraction. Finally, membrane collapses into spikes as well as spheres extracted or detaching from the spikes.
Spikes with spherical ends
After solidification the crystal orientation of the spikes differs from the bulk. This has been shown by contrast difference in the long spike in Fig. 4 and the crystal (111) plane mismatch of the small spike head in the same picture. Measurement of crystal orientation scatter in Fig. 7 has proven this.
Extracted spheres
For extracted spheres, heat radiation will be the predominant process for energy dissipation, and as a result, spheres in 
Sub-surface defects
Creation of sub-surface voids has been recently reported in [11] shorter than the time needed to reach mechanical equilibrium [18] . The conditions for the initiation of voids should be fulfilled for irradiation of almost all materials at sub-10 ps pulse durations [11, 18, 22, 23] . Sub-surface twinning in (Fig. 6(a) inset) or (Fig.6 (b) ) is a result of strains induced in the material. Dark field imaging showed the presence of the twins only at depths of about 50 nm to 60 nm. This depth is estimated to be comparable to heat affected zone of the material due to heat transfer at lower fluence levels (12.2 nm of photon penetration depth [20] plus electron heat diffusion length 65 nm [10] ). The heat transfer is a source of plastic strain in the material according to [13] . When the amplitude of the thermal stress induced by the laser pulse exceeds the plastic yield point, it subsequently leads to localized plastic deformation and twinning.
Two groups of surface and sub-surface modifications are induced by the ultrashort laser pulse. They are either created at already present surface inhomogeneities due 
